Abstract. Tunable diode laser absorption (TDL) and cavity ring-down spectroscopic (CRDS) sensors for atmospheric carbon dioxide were co-deployed during summer and fall of 2010 in field and laboratory conditions at Los Alamos National Laboratory. Both sensors were characterized for accuracy and precision for ambient carbon dioxide measurements at ground level and compared using both laboratory and ambient field data. After post-processing that included water vapor correction and calibration to WMO ratio exhibits a Gaussian distribution centered at x 0 = 1.003 ± 3.38 × 10 −5 (±1σ ), indicating the ratio is dominated by random noise as opposed to a bias in the output of either sensor. The CRDS sensor is capable of measuring [ 12 C 16 O 2 ] to a precision of 23 ppb in 1 min and decreases to 6.5 ppb in 58 min. At one and 58-min, the TDL exhibits precisions of 29 ppb and 53 ppb. The CRDS is compact, fast, and stable; the TDL is larger and requires frequent calibrations to maintain its precision. The sensors also exhibit consistent hourly averaged diurnal values underscoring the interplay of biological, anthropogenic, and transport processes regulating CO 2 at the site.
Introduction
Sensors based on optical spectroscopy are important tools for rapid, accurate in situ measurements of greenhouse gases for biosphere-atmosphere flux estimates and source attribution applications. Sensors using mid-IR and IR laser sources or high finesse optical cavities are the state of the art for continuously sensing greenhouse gases with high precision and temporal resolution (Brown, 2003; Chen et al., 2010; Karlon et al., 2010) . Numerous laser-based sensors are undergoing rapid development to study greenhouse gases, thus it is important to conduct instrument inter-comparisons to establish their compatibility under field conditions. The World Meteorological Organization/International Atomic Energy Agency recommends laboratory inter-comparison compatibility of ±0.1 ppm for total CO 2 and further recommends that CO 2 mixing ratios be reported for dry gases (WMO, 2009) .
We inter-compare a commercially available cavity ringdown absorption analyzer (CRDS) with a commercially available tunable diode laser absorption (TDL) system for monitoring carbon dioxide [ 12 C 16 O 2 ]. Both the CRDS and TDL sensors are used throughout the climate and ecosystem research and environmental sensing communities and it is important to directly compare the results of laser-based optical absorption sensors operating via related principles but different techniques to ensure data sets from either sensor are in agreement with reference standards and each other.
The purpose of this paper is to compare [ 12 C 16 O 2 ] obtained operating the CRDS and TDL sensors under their optimal operational protocols. We conducted the study in both the laboratory and field settings to establish accuracy and precision for the two sensors. In the laboratory, the CRDS and TDL were tested against the same standard gas mixtures Published by Copernicus Publications on behalf of the European Geosciences Union.
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(CO 2 in air, dried to −45 • C dew point). In the field, we compared the ambient carbon dioxide data sets obtained from the sensors obtained during a nineteen-day period in late summer 2010. For ambient measurements, the CRDS analyzer and TDL sensors were set up at the same field site and run on a common inlet and controlled by their respective sampling protocols.
Methods
The carbon dioxide sensors used in this study are a cavity ring-down analyzer (Picarro 1301-m, Picarro, Inc. CA, USA) (Crosson, 2008) (Bowling et al., 2003) . For direct comparison, only the 12 C 16 O 2 signals from either instrument are used in this work and are referred to as CO 2 hereafter. Both the CRDS and TDL instruments have been described previously (e.g., Crosson, 2008; Bowling, et al., 2003) and the TDL sensor used in this study has been described in (Powers et al., 2010) . The CRDS sensor uses a near-IR diode laser (scanned between 1603 and 1641 nm to cover CO 2 and CH 4 bands) that does not require liquid nitrogen cooling. Nominal conditions are controlled inside the CRDS optical cavity; measured over the 19 day study to be (P = 139.899 ± 0.068 Torr, T = 45.000 ± 0.002 • C), leading to stable spectroscopic features largely devoid of pressure broadening effects. Similarly, the CRDS sensor does not require frequent in situ absorption response calibrations, which are essential for the TDL sensor. The CRDS sensor is designed to operate without in situ calibration on ambient air, particulate matter is filtered from the sampled gas stream but no drying is performed. Water vapor can interfere with the accuracy of CO 2 and CH 4 measured with the CRDS due to its operation in the near-IR. Additionally, the WMO recommends GHG gas measurements be reported for dry mixing ratios. Therefore the effects of water vapor on the CRDS performance are of special concern. The response of the CRDS sensor to water vapor has been documented (Rella, 2010; Chen et al., 2010) and the procedures recommended by the manufacturer in their 2010 white paper (Rella, 2010) have been used here to produce dry mixing ratios of carbon dioxide used for the inter-comparison. Water vapor affects the accuracy of the water, methane, and carbon dioxide concentrations reported by CRDS sensor and the post-processing corrections for water vapor interference in all three channels are given below. 
The suitability of the above equations for water vapor corrections to the H 2 O, CH 4 , and CO 2 data produced by the CRDS sensor are vetted by both (Chen et al., 2010; Rella, 2010) . The TDL sensor uses a liquid nitrogen cooled tunable lead-salt diode laser that measures 12 CO 2 absorption near 2308.225 cm −1 . Pressure and temperature in the TDL optical cavity were maintained at 15.0 Torr and 30 • C respectively. The TDL sensor is calibrated frequently, the operational cycle is ambient air is sampled for 60 s, then a high concentration reference gas for 30 s, then a low concentration reference gas for 30 s. The first 15 s of each measurement in the cycle are not used in the data analysis to account for flushing of the TDL optical cell. The high and low reference gases were tertiary calibration standards cross referenced with WMOtraceable standards from NOAA-ESRL using the TDL. The TDL routinely operates using these tertiary standards to conserve the WMO standards over time. The WMO reference gases were sourced from and calibrated by the NOAA Greenhouse Gases Group at the Global Monitoring Division. The uncertainties in the WMO reference concentrations are the standard deviations reported by the above laboratory. The TDL was calibrated using a linear regression between the reference gases bracketing the CO 2 concentration of any samples run. The TDL responses to the high and low reference gases are held constant in the linear regression to determine sampled [CO 2 ]. Particulate matter is filtered from the TDL sample stream and is dried with a Nafion drying system so that the humidity of the sampled gas stream is approximately the same humidity as the reference gases. The TDL sensor operates in the mid-IR and the fundamental CO 2 vibrational features used for detection are well separated from those of water.
Both sensors were housed at a semi-arid pinon-juniper (juniperus monosperma) woodland site with low vegetation density at the Los Alamos National Laboratories' Environmental Research Park (Shim et al., 2011) . The laboratory that housed the sensors was temperature controlled at 70 F during both ambient and laboratory measurement. The average canopy height is 3.5 m. For ambient monitoring, air was sampled approximately 5 meters above ground outside a laboratory that is surrounded by the woodland for ∼74 km 2 . Both the CRDS and TDL sensors sampled ambient air from a single tube that was run out of the building to a small tower. The tube was connected to a manifold and the CRDS and TDL sensors sampled from the manifold continuously at 500 ml min −1 and 200 ml min −1 respectively. The sensors were run independently of each other, using their own operational sampling protocols. The CRDS sensor was operated without in situ calibration for the 19-day study. In the TDL protocol, the sample stream was switched to both a high or low reference calibration gas for 30 s, then measured ambient [CO 2 ] for 1 min. The first 15 s of data at each stage of this cycle is ignored to account for flushing and sample equilibration in the TDL optical cavity (Powers et al., 2010) , minimizing the difference of cavity volumes and sampling rates on the inter-comparison statistics.
Results and discussion

Laboratory inter-comparison and instrumental precision
For the laboratory inter-comparison, the CRDS sensor was plumbed into the manifold that controls the previously described automated sampling and calibration protocol for the TDL sensor. Automated cycling between high, low, and unknown gases was performed for 16 h and output for the CRDS and TDL sensors were averaged to 1 min time constants. For the TDL, the enforced high and low reference concentrations were 557.6 ± 0. ± 0.076 ppm, and [CO 2 ] unknown = 405.923 ± 0.121 ppm, respectively (CRDS % RSD = 0.1 %, 0.02 %, and 0.03 % respectively for the high, low, and unknown samples). The CRDS sensor responded to "zero-air" (ambient air passed through a soda-lime CO 2 scrubber) [CO 2 ] 0 = −0.02 ± 0.03 ppm over several hours of operation prior to beginning the inter-comparison experiments. The TDL sensor is not recommended to be operated in absence of CO 2 . The high and low TDL responses are programed to the values of the CO 2 tanks prescribed by the NOAA laboratory, so we enforced a (0,0) point in the calibration plot and enforced the fit through the origin of the calibration plot. Prior to this, the linear regression exhibited a slope of 0.985 and an offset of 1.43. This offset is not statistically different from zero. The [CO 2 ] values for the laboratory calibration are plotted in Fig. 1 and the slope of the linear regression between the CRDS and TDL response to the reference and unknown tanks is the CRDS calibration factor, f CRDS = 0.989 ± 0.004 (r 2 = 0.999 for the regression analysis). This inter-comparison calibrates the CRDS response to the WMO reference standards. The (±1σ ) standard deviations for each concentration are used as error bars, but are too small to see in the plot. The calibration factor is based on reference standards known to a higher precision (sub ppm compared with a few ppm) and wider concentration range than previously used by our group for the CRDS sensor. We use the f CRDS calibration factor determined from high precision tertiary standards to correct ambient concentrations:
Post-calibrated CRDS data is used for inter-comparison with the TDL for both the laboratory and ambient data sets. The WMO/IAEA metric for compatibility between two instruments is that they agree to ±0.1 ppm for total CO 2 .
We use the laboratory inter-comparison study to establish the precision and stability as a function of signal integration time for the CRDS and TDL measurement methods using the Allan variance technique (Werle et al., 1993) . When the overall noise is dominated by random noise, increasing signal integration time decreases the variance (σ 2 ) until a time at which instrumental noise begins to dominate and the variance begins to increase. The maximum precision of each sensor is defined at the integration time where the signal variance is minimized. The transition between random and instrumental noise can be sharp (quick) or shallow (long), demonstrated in Bowling et al. (2003) and Tuzson et al. (2010) . We perform this analysis to compare the performance of the CRDS and TDL measuring a reference gas. We note the TDL is calibrated for 30 s each at high and low standards and measures the sample gas for 60 s. In contrast, the CRDS is not constantly re-calibrated and data is reported every ∼0.75 s. This is apparent in the time scales of the Allan variance plot, where the CRDS data begins at 1 s (black trace) and at 15 s for the TDL (red trace). Using 16 h of data at [CO 2 ] = 405.923 ± 0.121 ppm (from the unknown sample tank in the previous section), we estimate the precision of the CRDS sensor to be 29 ppb at 30-s integration and 23 ppb at 60-s integration time. The same statistics for the TDL at 30 and 60 s integration time are 34 ppb and 29 ppb. At 58 min (3500 s integration time), the precision of the CRDS sensor is 6.5 ppb and the same statistic for the TDL is 53 ppb. Figure 2 shows the Allan variance plot for the CRDS (black trace) and TDL (red trace) sensors taken from the laboratory data set. We clearly see the stability of the CRDS sensor does not show a sharp "V" shape as exhibited in Allan variance plots for the TDL but a slower transition from the so-called white noise to drift noise regions of the Allan variance plot (Werle et al., 1993) . The local variance minimum at 2 s in the CRDS trace is repeatable noise in the variance data, and we do not interpret this as a variance minimum at which instrumental precision should be prescribed (Werle, 2010) . This behavior is similarly exhibited by the quantum cascade laser absorption spectrometer (QCLAS) methane sensors described by (Tuzson et al., 2010) . The CRDS sensor exhibits stability at considerably longer integration times than does the TDL sensor, the minimum detection limit (6.5 ppb) is observed at 3500 s (58 min) signal integration time, opposed to 30 s (23 ppb) for the TDL, which corresponds to two calibration cycles in its measurement protocol. The CRDS detection limit at 58 min is in close agreement with the prototype CRDS sensor from the manufacturer (A. D. Van Pelt, personal communication, 2011) , and is here independently verified.
Continuous ambient carbon dioxide monitoring
We characterize the agreement between the two sensors for quantitative CO 2 measurement for ambient field air by comparing their temporal relationships; the linear regression between their temporal signals, and the calculated ratio and difference for their response to ambient CO 2 for the 19 day observation period. The 1-min temporal response of both sensors to ambient CO 2 near Los Alamos, NM is shown in Fig. 3 (2010) is observed robust in this case study. The difference between the post-calibrated CRDS and TDL signals is the key statistic for the inter-comparison analysis described here. The mean difference between [CO 2 ] CRDS and [CO 2 ] TDL is 0.04 ppm ± 1.80 ppm (±1σ ) for the 1-min time averaged data (plotted as the third trace in Fig. 3 ). The mean difference is less than the ±0.100 ppm metric set forth by the WMO/IAEA, hence we have demonstrated that on average the ambient air CO 2 results from the CRDS and TDL sensors are compatible when the sensors are calibrated to high precision standards and the CRDS signal is corrected for water vapor interference.
Diurnal cycle of carbon dioxide
The laboratory calibration and 1-min time resolution agreement between the data sets are robust factors underlying longer time averaged data to describe the diurnal pattern of the [CO 2 ] atmospheric background signal. The hourly averaged diurnal pattern of CO 2 is an important statistic to understand local biogenic respiration/photosynthesis processes and effects transport (including anthropogenic CO 2 ) in the regional CO 2 background. Raw data was averaged to 1-h time constants for each hour of the day (0-23 h) for the 19-day ambient observation study to create hourly averaged diurnal CO 2 profiles. Fig. 5 . While the mechanisms controlling this interplay of respiration, photosynthesis, and dynamics are not the subject of our paper, it is clear that both sensors provide very consistent information.
The CRDS system in this study provides robust performance for 12 C 16 O 2 , 12 C 1 H 4 , and 1 H 16 2 O monitoring and is readily deployable to field sites and mobile platforms including aircraft. There is no isotopic speciation data available from this particular CRDS sensor, however it does measure CH 4 and a new version of the sensor includes CO measurement. The TDL system used here is designed to determine δ 13 C and δ 18 O ratios in CO 2 at stationary sites. The TDL is capable of measuring 99.91 % of the naturally occurring gaseous CO 2 isotopes and monitoring the δ 13 C and δ 18 O ratios in CO 2 as tracers of air mass history and soil-atmosphere exchange (Pataki et al., 2006; Shim et al., 2011; Powers et al., 2010) . However, it is large and requires liquid N 2 cooling and regular calibration making it less ideal for mobile applications.
Conclusions
We report the results of a field and laboratory intercomparison experiment between two commercially available spectroscopic carbon dioxide ( 12 C 16 O 2 ) sensors. Prior to the field inter-comparison, the CRDS sensor was calibrated to two WMO reference standards for CO 2 in a 3-point calibration curve (m = 0.989, r 2 = 0.999). Over a nineteen-day period, after post calibration, the agreement between the two sensors was quite good (slope = 1.000, zero intercept enforced or [CO 2 ] CRDS = 1.00 ± 1.7 × 10 −3 [CO 2 ] TDL + (2.41 ± 0.66)) for 1 min measurements of O) should be investigated for appropriate sensors to judge their compatibility according to WMO/IAEA standards. Our study will be especially valuable for analysis of experiments where multiple high precision fast response instruments are measuring greenhouse gases and differences may need to be interpreted and diagnosed (Wofsy, 2011) .
